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In metallic glasses, crystallization and decomposition have been observed in undercooled liquids during cooling from the melt as well as during reheating experiments. [1] [2] [3] Phase separation requires diffusivity of the atomic species over several interatomic distances and at least two local minima of the Gibbs free energy versus composition function. In multicomponent alloys a large difference in the heat of mixing of the constitutive binary liquids can act as a thermodynamical driving force for phase separation. 4 In these systems the nucleation of crystalline phases is more difficult than for conventional binary metallic glasses, as expressed by the ''Confusion Principle. '' 5 Recently, a unique family of multicomponent glass forming systems with a high thermal stability and excellent glass forming ability was found. 6, 7 The critical cooling rate to form these bulk metallic glasses ͑BMG͒ from the melt drops orders of magnitude compared to conventional metallic glasses. For the particular Zr 41.2 Ti 13.8 Cu 12.5 Ni 10 Be 22.5 alloy critical cooling rates as low as 1 K/s were found. 8 These low cooling rates allow one to observe phase separation taking place below a miscibility gap in the undercooled liquid region, so that decomposition in the as-prepared amorphous Zr 41.2 Ti 13.8 Cu 12.5 Ni 10 Be 22.5 alloy on a length scale of 50-80 nm was observed earlier. 9, 10 This decomposition during the cooling process mainly involves the fast diffusion of Be.
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In this letter, we will show that primary crystallization of the amorphous Zr 41.2 Ti 13.8 Cu 12.5 Ni 10 Be 22.5 alloy reheated into the supercooled liquid involves a decomposition process. Phase separation with respect to slower moving species determines the time scale of the primary crystallization in the supercooled liquid. The formation of nanocrystals during isothermal annealing of the Zr 41.2 Ti 13.8 Cu 12.5 Ni 10 Be 22.5 alloy has been investigated by small angle neutron scattering ͑SANS͒, transmission electron microscopy ͑TEM͒, and differential scanning calorimetry ͑DSC͒. The results from these studies suggest a decomposition process on a length scale of 13.7 nm preceding the primary crystallization of this alloy when annealed at 623 K.
Amorphous samples were prepared from a mixture of the pure elements by induction melting on a water-cooled silver boat under Ti gettered Ar atmosphere. The Zr 41.2 Ti 13.8 Cu 12.5 Ni 10 Be 22.5 ingots were remelted in a silica tube with an inner diameter of 10 mm and then water quenched with a cooling rate of about 10 K/s. For the SANS measurements, disks cut from these rods with a thickness of 2.7 mm were annealed at 623 K for different times. At this temperature, the samples are in the supercooled liquid state. 11 The SANS measurements were carried out at the Intense Pulsed Neutron Source, Argonne National Laboratory. The measured q-vector range was 0.05 nm Ϫ1 ϽqϽ2.5 nm
Ϫ1
. The TEM samples were cut from the annealed disks and electrolytically thinned in a solution of 10% perchloric acid in methanol or prepared by thinsection microtomy. For the DSC experiments a Perkin Elmer DSC 7 calorimeter was used. Figure 1 shows small-angle neutron scattering data of an as-prepared sample and of samples isothermally aged for different times at 623 K. While the curves for the as-prepared sample and the one annealed for 80 min ͑not shown͒ only exhibits background scattering, a broad maximum appears for samples aged for 100, 140, and 300 min. These interference peaks with a maximum intensity at about qϭ0. 46 10 Be 22.5 alloy. The wavelength corresponding to the intensity maxima does not change significantly with annealing time during the early stages of crystal growth, and is about 13.7 nm. Guinier analysis shows that the radius of gyration increases with the annealing time from about 1 nm for the sample aged for 100 min to 2.16 nm after an annealing time of 300 min. Figure 2 illustrates a TEM dark field image ͑a͒ of a sample annealed for 300 min at 623 K. Compared to the dark field image of an as-prepared amorphous sample, 12 it shows a different coarser structure. The second inner ring of the diffraction pattern ͑b͒ of this sample is slightly sharper and the pattern contains two more outer-diffraction rings than a diffraction pattern of an as-prepared sample. 12 These features reveal the presence of nanocrystals embedded in an amorphous matrix after annealing. The high resolution image ͑c͒ depicts one of the fcc nanocrystals that is viewed along a ͗110͘ direction. The ͑111͒ d-spacing is 0.23 nm, which corresponds to a lattice constant of about 0.4 nm.
The most striking results from the present study are the existence of an incubation time for crystallization and the periodic arrangement of the nanocrystals. Precipitates formed by a homogeneous nucleation process are usually distributed randomly if interactions between the particles can be neglected. Since, in our case, the nanocrystalline precipitates form in the supercooled liquid, elastic interactions between the nanocrystals causing a narrow size and distance distribution can be ruled out. 13 Heterogeneous nucleation of crystalline phases only leads to a periodic arrangement of the nuclei, if the nucleation sites are arranged periodically. Thus, a preceding chemical decomposition is likely to be responsible for the periodic arrangement of the nanocrystals. During the incubation time a composition wave with growing amplitude leads to a spatially periodic variation of the crystallization temperature T x . 9 Finally, the formation of a crystalline phase starts polymorphously if T x drops down to the annealing temperature in the regions with the lowest T x .
The formation of nanocrystals after an incubation time of about 100 min observed in the TEM, was also monitored by DSC experiments. The DSC scans in Fig. 3 show the different stages of crystallization. The DSC curves of an asprepared sample and of the one annealed at 623 K for 80 min are only slightly different, but a significant change is observed after annealing at 623 K for 100 min. The first crystallization peak at about 723 K decreases, while another broad exothermic peak forms at about 700 K. This exothermic event is related to the crystallization of regions with a lower crystallization temperature T x . The signal is relatively broad, indicating a broad T x spectrum, as expected for a spatially varying composition. After 140 min annealing duration, less crystalline nuclei are formed during the DSC scan, and after 300 and 600 min no further nucleation but only grain growth occurs.
14 According to the extent of formation of nanocrystals during isothermal annealing the first crystallization peak of the as-prepared alloy disappears. Additionally, for the late annealing stages, the glass transition in the noncrystallized regions broadens and its midpoint temperature shifts to higher values.
The x-ray diffraction pattern of samples which are isothermally annealed at 623 K for a duration longer than 100 min reveals the formation of a metastable simple fcc Cu-Ti phase. 15 Its lattice parameter is aϭ0.40 nm. The formation of a metastable compositionally invariant Cu-Ti fcc phase has been observed earlier for cooling experiments from the melt in the Cu-Ti and Cu-Ti-Zr alloy systems. 16 Woychik et al. determined this particular lattice constant for nanocrystals with a composition of Cu 85 Ti 15 . 16 For longer times and/or higher annealing temperatures, a Laves phase having the hcp ''MgZn 2 -type'' structure appears. Its lattice constants are aϭ0.515 and cϭ0.842 nm. 17, 18 Although the Laves phase contains all of the components of the alloy except a lower nominal Be concentration at low temperatures, the metastable Cu-Ti fcc phase forms first. The reason might be a smaller unit cell compared to the Laves phase and a short range atomic order that is closer to that of the undercooled liquid. An upper limit for the critical nucleus of the fcc phase is 1 nm resulting from the SANS data. The growth rate of these crystals is restricted, probably due to a lower mobility of the Cu atoms compared to Be atoms at 623 K. 11 Because the crystallization temperature decreases strongly with increasing Cu concentration, the primary crystallization starts in the Cu-rich areas of the decomposed sample.
Since the SANS data of as-prepared Zr 41.2 Ti 13 Cu 12.5 Ni 10 Be 22.5 samples show only diffuse background scattering, there is no indication of the above mentioned phase separation involving Be on a 50-80 nm scale. Most likely, the lack of any enhanced scattering contrast is related to very similar atomic densities of the amorphous decomposed regions and to the small difference in scattering lengths of Zr and Be atoms for thermal neutrons. 19 Therefore, the onset of the interference signals of annealed samples must be related to an additional periodic composition variation of one of the other elements. The scattering contrast for periodic changes in the Cu concentration is moderate because of the similar scattering lengths of Zr, Be, Ni, and Cu. Since the Ti concentration seems to be unchanged compared to the original amorphous alloy, there is no significant increase in the scattering signal during the incubation time. We believe that the onset of the scattering signal is caused by a larger atomic density of the Cu-Ti nanocrystals. According to this interpretation, Zr, Ni, and Be rich amorphous areas form during decomposition. These regions have higher glass transition and crystallization temperatures and probably show composition gradients, expressed, for example, in a broad glass transition region depicted in DSC measurements.
In conclusion, the primary crystallization in the Zr 41.2 Ti 13.8 Cu 12.5 Ni 10 Be 22.5 alloy during isothermal annealing at the glass transition temperature results in the formation of spatially periodical arranged Cu-Ti rich nanocrystals. We propose that this arrangement is preceded by a modulated chemical decomposition process. This decomposition does not only involve the mobility of Be which was previously observed. The time scale for the phase separation and the subsequent primary crystallization is determined by the mobility of the slower moving Cu species.
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